Abstract." mAb73, a monoclonal antibody against adenoviruses type 2 and 5 E1A, recognises an epitope within the C-terminal part of this protein. To identify the epitope we used random peptide libraries expressed on the surface of filamentous phages (Fd, M13). We found a consensus sequence homologous to the nuclear transport signal KRPRP at the C-terminus of Ad2 and Ad5 E1A. An EtA mutant deleted for these residues failed to be immunoprecipitated by mAb73, confirming that the nuclear transport signal of E1A is the epitope recognised by mAb73.
Introduction
The adenovirus EIA proteins have been the subject of intensive studies as a model system to probe the mechanism of cellular transformation and transcription activation [1] [2] [3] . Many of these studies have been based on immunoprecipitation with antibodies directed against EIA or proteins which interact with E1A [4, 5] . Alternative splicing gives rise to two forms of E1A proteins, of 243 and 289 residues, which differ only by an internal sequence of 46 amino acids in the larger [1] . Due to multiple phosphorylation sites on both pro-* Corresponding author. Tel. (819) 564-5326, Fax (819) 564-5392, e-mail WEBER @ cc. UMONTREAL.CA. teins a series of species varying from about 30 kDa to 50 kDa are detected by immunoprecipitation [5] . A number of cell cycle regulatory proteins (p300, p107, pl05Rb and cyclin A) have been found to be bound specifically to the E1A proteins [4, 5] .
In 1985, Harlow et al. [6] developed monoclonal antibodies against denatured Ad5 EIA. The most useful of this series of monoclonals, mAb73, recognises an epitope within the C-terminal portion or second exon of both the 243 and 289 residues E1A proteins [7] .
In this communication we report on experiments using a recently developed novel methodology (random peptide libraries displayed on filamentous phages) and deletion mutants to identify the mAb73 recognition epitope on the E1A protein.
Materials and Methods

Screening phage fibraries with mAb 73
The six amino acid random peptide library of Scott and Smith [8] , provided by G.P. Smith, and the 15-amino acid library of Devlin et al. [9] , provided by Cetus (now Chiron Corporation), were used in the biopanning method with mAb73 (purchased from Oncogene science) essentially as described [10] . mAb73 was biotinylated (with NHS-LC-biotin reagent, purchased from Pierce), and reacted with about 10 it infectious particles in a first biopanning round. Specific complexes between mAb and phages were retained on streptavidin-coated dishes, while unbound phages were washed away and bound phages were eluted with acid. Three consecutive rounds of biopanning were performed, with amplification of eluated phages between rounds and using decreasing concentrations of biotinylated antibody at each round (1 p~M, 1 nM and 0.1 nM, respectively). Eluates from each round were titered and yields calculated to evaluate biopanning specificity. After the third round, randomly selected clones (53 for the 6-amino acid library, 21 for the 15-amino acid library) were propagated and the portion of gene III containing the insert was sequenced.
Deletion mutants
C-terminal deletion mutants of Ad5 E1A protein (243 amino acids) were produced and immunoprecipitated with mAb73 and mAb58 as described [11] . The results in Fig. 1 were kindly provided by John Howe in Stanley Bayley's laboo ratory.
Results and Discussion
To map the epitope recognised by mAb73 on E1A, we used the method of random peptide libraries expressed on the surface of filamentous phages, that can easily be surveyed to isolate peptides which specifically bind to antibodies [8, 9] . After analysis of 53 selected clones from the third round of biopanning with the 6-amino acid library, a consensus of positively charged amino acids emerged (results not shown) which bore Table 1 The predicted sequences of the peptides expressed by 21 mAb73 binding phages selected from the 15-residue library
Isolates
Peptide sequences Frequency
Note that 21 clones were randomly selected from the third round of biopanning. The predicted amino acid sequences show similarity with NTS of Ad2 EIA, shown near the bottom of the Table. Note that clone Q is identical to the NTS, except for a lysine replacing an arginine in position two. Percent yields ((output/input)× 100) from the second and third rounds of biopanning were 9.7 × 10-3 and 5.2 × 10-2 %, respectively, showing specific enrichment of tightest binding phages. some resemblance to the nuclear transport signal (NTS) at the C-terminus of E1A [12] . It should be noted that in this library the sequence KRPRP could be underrepresented because many of the DNA sequences coding for this peptide have a restriction site for the enzyme (BgII) used in the construction of the library, resulting in reduced chances of finding this peptide as compared to others of variable affinity to the antibody. We then repeated this procedure with the 15-amino acid library, and sequenced 21 clones from the third round of biopanning. The predicted amino acid sequences of the clones selected in the third round again appear to have some sequence homology with the NTS, particularly clone Q (KKPRP), in which four residues are identical with the NTS (KRPRP) and one is a conservative substitution ( Table 1 ). The selection of peptides which do not closely resemble the sequence of the original epitope has been observed by others and suggests that caution should be exercised in the interpretation of such data [9, 13] , Phages may be selected which have variable affinity to the antibody as they more or less approximate the structural and other aspects of the epitope. By means of random peptide libraries it is thus possible to define the sequence and structural variability of a given epitope.
Because of the great variability in these clones, it became desirable to determine if the biopanning method would preferentially select clone Q from an equal mixture of this clone and an unrelated clone from the second round of biopanning (STLMSNGSLMPRSLV). After one round of biopanning with mAb73 (0.1 nM), we sequenced seven clones from the eluate, and all of them were isolate Q, confirming a greater specificity or affinity of mAb73 for its cognate sequence.
These results would point to the NTS as being the epitope recognised by mAb73 on EIA. Analysis of the surface probability profile of E1A also predicts exposure of the C-terminus (result not shown). The NTS is presumed to bind NTS-binding proteins and is therefore likely exposed on the surface of the protein [14] .
To confirm that the epitope of mAb73 coincides with the NTS, we tested a series of E1A deletion mutants including one which is NTS are distinct monoclonal antibodies to E1A, M58 serving as positive control [6] . The deletions are as follows: d1312, no E1A; d1520, produces only the 243-amino acid EIA protein; d11133/520, 239-254 deleted; d11134/520, 255-270 deleted; d11135/520 271-284 deleted; d11131/520, like 520 with an additional deletion of C-terminal 71 residues deleted; rill 136/520, 285-289 deleted.
minus (d11136 deleted for residues 285-289). Figure 1 clearly shows that the EIA synthesized by d11136 is not precipitated by mAb73 (lane 7). The fact that d11135 (deleted for residues 271-284) also fails to react with mAb73 may be due to withdrawal of the NTS within the globular pro-40 tein, thereby rendering it inaccessible to the antibody (lane 5). The absence of precipitation in lanes 1 and 8 is due to the complete deletion of E1A in d1312, and the absence of precipitation in lane 6 is due to the deletion of the C-terminal 71 residues which includes the NTS. Therefore, we conclude that mAb73 reacts with the sequence KRPRP, namely the NTS, as its epitope on the Ad2 and Ad5 E1A 243 and 289 residue proteins.
